In this paper, two classes of signature sequences for direct sequence code division multiple access (DS/CDMA) systems are proposed. The proposed classes are based on the perfect reconstruction (PR) quadrature mirror filter (QMF) banks: we obtain a signature sequence by modifying the coefficients of each subband of a PR-QMF bank. The first class proposed has perfect correlation properties owing to the unrestricted chip value and limit on the number of users. For a large number of users, we consider the lattice structure of multi-band PR-QMF banks. The signature sequences using a lattice structure PR-QMF bank have good crosscorrelation and almost perfect autocorrelation properties over the whole class. We can obtain both large channel capacity and simple receiver with the proposed sequences based on the lattice structure PR-QMF bank.
INTRODUCTION
In direct sequence code division multiple access (DS/CDMA) systems, the acceptable number of users depends on many aspects including the correlation properties of the signature sequences [1] [2] . The autocorrelation (AC) property is said to be ideal when the AC value is ¢ for inphase components and zero for out-of-phase components, where ¢ is the length of a sequence. This property can support fast synchronization and low multipath interference. The crosscorrelation (CC) property of signature sequences is linked directly with the multiple access interference (MAI), and consequently, with the capacity of the system. Thus, for low MAI and large channel capacity, it is desired that the CC value is always zero. However, the design of signature sequences with the perfect correlation properties is not an easy task.
Traditionally, the DS/CDMA systems utilize the maximal length sequences (£ -sequences) as the signature sequences. The £ -sequences have been chosen because they possess desired randomness and are easily generated via shift registers. As an alternative to the £ -sequences, a generating method of signature sequences based on the perfect reconstruction quadrature mirror filter (PR-QMF) has been proposed in [3] . The signature sequences were generated by taking the impulse responses of the subbands of a PR-QMF bank. Whereas the £ -sequences are limited to being twovalued sequences, no restriction is placed upon the individual chip values in the sequences based on the PR-QMF. Some more investigations for the sequences based on the PR-QMF have also been introduced in [4] [5] . However, they have considered only the two user model in DS/CDMA communication.
In this paper, two classes of signature sequences are proposed based on PR-QMF banks. A class of signature sequences in the case of two users and that in the case of multiuser are proposed in Sections 2 and 3, respectively. The correlation properties of the proposed sequences are compared with those of Gold sequences.
SIGNATURE SEQUENCES BASED ON TWO-BAND PR-QMF BANKS
In a perfect reconstruction (PR) filter bank, the output is a delay constant related to the filter duration. There are several filter banks which satisfy the PR condition. Among them, the PR-QMF bank is such that the correlation of the filter coefficients is known and seems to be applicable for signature sequence design. Thus, we will restrict our attention only to the signature sequences based on the PR-QMF banks in this paper.
The necessary and sufficient conditions on the analysis are the impulse responses of the low pass filter (LPF) and high pass filter (HPF), respectively, in the two-band PR-QMF bank. Using the properties of the two-band FIR PR-QMF coefficients, a pair of signature sequences is suggested in [4] . Figure 1 shows the normalized absolute AC and CC of the sequences proposed in [4] . The AC function is perfect and the value of the CC function is zero when the chip delay is even due to the conditions (4) and (5). However, when the chip delay is odd, the values of the CC function are non-zero as shown in Figure 1 . . To eliminate the effect of the non-zero value of the CC function when the chip delay is odd, we propose a modified sequence defined by 
is the length of a sequence. Then, the undesired (non-zero) components of the CC function in Figure 1 become the imaginary parts of the correlation outputs. We can eliminate the undesired components by taking only the real part of the correlation output. Figure 2 shows the receiver model for the modified sequences. Figure 3 shows the correlation properties of the modified sequences. We can clearly see that the modified sequence has much better correlation properties compared with both the sequence proposed in [4] (Figure 1 ) and the Gold sequence ( Figure 4) . Moreover, the correlation properties of the modified sequence are perfect. Such perfect correlation properties of the modified sequences could be obtained owing to the unrestricted chip value (for the } z
and Gold sequences, the chip value is restricted to be r or z r
) and limit on the number of users (two users).
A large number of signature sequences which have good correlation properties is required in practical DS/CDMA systems. In the next section, we will propose a class of DS/CDMA signature sequences based on the multi-band PR-QMF banks for use in multiuser environment.
SIGNATURE SEQUENCES BASED ON MULTI-BAND PR-QMF BANKS
One of the simplest approach for the design of multi-band PR-QMF bank is to use the lattice structure (LS) connecting the factorized paraunitary transfer matrices in cascade. Let us consider the transfer matrix can be implemented using one delay, and therefore has degree equal to one. It can be shown that any causal paraunitary matrix n q with degree can be expressed as [6] 
where is a constant unitary matrix, that is, . The analysis filter bank is then obtained as
where
. We then obtain a class of signature sequences by modifying the coefficients of the analysis filters of the LS -band PR-QMF bank using (6) and (7). Such sequences will be called the LS sequences in this paper. The length . This is because we use the multi-band PR-QMF bank for generating the LS sequences. , when the maximum value of the CC is the smallest and largest, respectively. In these figures, we can clearly see that the AC property is almost perfect: the maximum value of the normalized absolute (out-of-phase) AC is u u r
. Although we do not show explicitly in this paper, we can expect that the synchronization time for the LS sequence will be much shorter than that for binary sequences, and the multipath interference in the system using the LS sequence will be much smaller than that for binary sequences. The maximum value of the normalized absolute CC is
in Figure 5 and Figure 6 : they are smaller than that (
) of Gold sequence. Thus, we can also expect that the performance of the system using the LS sequence will be better than that using binary sequences, since the MAI in the system using the LS sequence would be smaller than that using the binary sequences.
When is large, the LS sequence also has much better correlation properties than binary sequences. . Thus, we can obtain both large channel capacity and simple receiver with the LS sequences irrespective of the length of sequences.
CONCLUSION
In this paper, we proposed two classes of signature sequences based on PR-QMF banks, and then investigated the correlation properties of the sequences.
The sequences in the first class had perfect correlation properties owing to the unrestricted chip value and limit on the number of users. For a large number of users, we considered the lattice structure of multi-band PR-QMF banks. The signature sequence obtained using the lattice structure PR-QMF bank have good crosscorrelation and almost perfect autocorrelation properties in the whole class. Thus, we can obtain both large channel capacity and simple receiver with the proposed sequences based on the lattice structure PR-QMF bank.
In the communication systems of the next generation, the number of chips of a signature sequence should become small as the data rate increases. However, it is known that good correlation properties are hardly obtained when the sequences are short for binary sequences. We could overcome this problem using nonbinary sequences including those proposed in this paper.
